Direct imaging of a histological slice is challenging. The vast difference in dimension between planar size and the thickness of histology slices would require an RF coil to produce a uniform RF magnetic (B 1 ) field in a 2D plane with minimal thickness. In this work a novel RF coil designed specifically for imaging a histology slice was developed and tested. The experimental data demonstrate that the coil is highly sensitive and capable of producing a uniform B 1 field distribution in a planar region of histological slides, allowing for the acquisition of high-resolution T 2 images and T 2 maps from a 60-m-thick histological sample. The image intensity and T 2 distributions were directly compared with histological staining of the relative iron concentration of the same slice. This work demonstrates the feasibility of using a microimaging histological coil to image thin slices of pathologically diseased tissue to obtain a precise one-to-one comparison between stained tissue and MR images. Magn Reson Med 57:835-841, 2007.
Magnetic resonance imaging (MRI) has been applied to a variety of in vivo applications because of its ability to provide high and versatile soft-tissue contrast. However, interpretations of the changes in observed image contrast associated with experimental interventions or pathological conditions need to be validated histologically. When comparing MR images with histological results, a tissue sample of a given organ in whole or in part is traditionally imaged first and then cut, stained, and compared with MR images of selected slices (1) . This presents a challenge when correlating histological results with MR images because precise coregistration of tissue samples with MR images is notoriously difficult. This method requires that the histological samples be cut in the same planar orientation as the MR images. Alternatively, previous investigations utilized 3D MR scans to create rotatable 3D MR models of tissue blocks, which allowed for the rotation of the image slice into a specific orientation with a visual inspection in order to compare to traditional 2D or confocal 3D histological images (2, 3) . This kind of coregistration process is time-consuming and prone to human errors and subjective variability. In addition, the slice thickness of an MR image is generally much larger than the histological tissue slice, resulting in a mismatch between the MRI and histological results. In this case a number of histological slices have to be cut sequentially and assessed as if they were stacked upon each other to match the thickness of one MR slice selection. With this approach, it is difficult to perform a quantitative analysis and comparison of MR images with histology.
Ideally, precise correlation between tissue histology and MRI studies could be obtained using the same tissue sample for both analyses. The implementation of such an approach would require the design and construction of a specific RF coil that could directly image a thin slice of histological sample. In optimization of an RF coil for this purpose, it is particularly important to obtain an adequate signal-to-noise ratio (SNR) because of the small voxel size and the minute volume of tissue being imaged (on the order of 4.5 ϫ 10 -3 cm 3 ) (4, 5) . To increase the SNR of an image, it is necessary to maximize the filling factor of the coil, which in turn requires an RF coil design that conforms to the geometry of the histological slice. The vast aspect ratio between planar size and the thickness of the histology slice require that the coil design criteria include the production of a uniform B 1 field in a 2D plane with minimal thickness to maximize the filling factor of the coil (6) . In this report we present a novel RF coil design that is capable of imaging thin histological tissue sections and thus allows a direct comparison of histological and MR images of the same tissue sample.
MATERIALS AND METHODS
The histological coil was designed and optimized with the aid of computer modeling using XFDTD 6.3 (Remcom, State College, PA, USA). The initial coil design was based on the flat slotted-tube resonator described by Bobroff and McCarthy (7), which consists of two rectangular parallel plates connected by one 664 pF capacitor at each of the four corners. The optimized RF coil design consisted of a 24-mm-wide U-shaped conductor strip wrapped around a dielectric material with a relative permittivity of ⑀ r ϭ 5, simulating two stacked #1 thickness glass coverslips (24 ϫ 30 ϫ 0.150 mm) used to hold histological slices. The open end of the U-shaped coil was connected to a voltage driving port. A square slab (24 ϫ 24 ϫ 0.3 mm) of dielectric material simulating Teflon with a relative permittivity of ⑀ r ϭ 2 was placed between the perfect conductor strips next to the glass coverslips and driving port to provide distributed capacitance for the coil. This design results in a single loop of 24-mm-wide copper strip tightly fitted around the histological slides. The B 1 -field distribution and electromagnetic properties of the flat parallel-plate resonator and the histological coil were calculated and evaluated after the coil models were tuned numerically to 125.44 MHz with a sinusoidal wave from a 50-ohm voltage source placed along the driving port. The total mesh size of both models consisted of 2,162,560 Yee cells with 0.3 mm in each dimension. The schematics of the initial flat slotted-tube resonator and the optimized histological coil design, and their corresponding calculated B 1 -field distributions are shown in Figs. 1 and 2, respectively.
An RF coil was constructed following the optimized histological coil design. The coil was tuned and matched to 125.44 MHz and evaluated on a 3.0T MRI system (Bruker BioSpin GmbH, Ettlingen, Germany). The Q-factor of the coil was measured with a Hewlett-Packard network analyzer. It was approximately 290 when unloaded, and remained unchanged when loaded with a uniform phantom. The homogeneity of the coil was evaluated with two phantoms produced by placing either 12.5 l or 43.2 l of 0.9% type A agar (Sigma, St. Louis, MO, USA) between two coverslips. Agar results in a nearly uniform distribution of water throughout a sample and is an ideal test for image homogeneity. The 12.5-l phantom was nearly circular and approximated the dimensions of histological brain samples within the imaging region. The 43.2-l phantom was used to image the entire 24 mm ϫ 24 mm coil region, since this amount of agar was calculated to fill the space of two 24 mm ϫ 30 mm coverslips at a 60-m thickness. To evaluate the B 1 -field homogeneity of the coil with an experimental B 1 -field map, we acquired two gradient-echo images from the phantom with flip angles ϭ 90°a nd 45°, TR ϭ 100 ms, TE ϭ 5.2 ms, NEX ϭ 192, field of view (FOV) ϭ 40 mm ϫ 40 mm, and matrix size ϭ 128 ϫ 128, for an imaging time of 41 min each. From these two images the B 1 -field map in the phantom sample was calculated following the method of Stollberger and Wach (8) . Subsequently, histological brain-tissue sections taken from a donated Alzheimer's disease (AD) brain specimen were used to evaluate the coil. The tissue samples were fixed with 4% paraformaldehyde, sectioned at 60 m using a Leica cryostat, rinsed in phosphate-buffered saline (PBS) to leach out the paraformaldehyde, and then placed between two #1-thickness glass coverslips. To maintain tissue hydration, 25 l of PBS were placed onto the tissue. A hydrophobic barrier pen was used at the edge of the coverslips to keep the interior region between the coverslips from desiccating during imaging. All of the images had an FOV of 23 mm ϫ 23 mm and a matrix size of 128 ϫ 128, resulting in an in-plane voxel resolution of 179 m 2 . The 60-m through-plane resolution (defined by the thickness of the sliced tissue) resulted in an overall voxel size of 179 m ϫ 179 m ϫ 60 m. Fast spin-echo (FSE) T 2 images were obtained using the same geometric parameters with TR ϭ 2500 ms, TE ϭ 12 ms, NEX ϭ 128, and 16 segmented acquisitions for a total image time of 92 min. Multi-SE images were acquired with TR ϭ 1200 ms, TE ϭ 10 ms, bandwidth ϭ 40 kHz, and NEX ϭ 64 with 12 echoes, for a total imaging time of approximately 3 hr. T 2 -weighted images were generated by summation of the amplitude images from all of the echoes to improve the image SNR. T 2 maps were calculated from the multi-SE data with a linear regression method (Chips2005 software; Children's Hospital Image Processing System, Cincinnati, OH, USA) in IDL6.1 (Research Systems, Inc., Boulder, CO, USA). The first echo image was removed for the T 2 calculation to reduce the T 1 effect. After the imaging studies were completed, the brain-tissue samples were stained for iron load with a modified Perl's Prussian blue stain with 1,3-Diaminobenzene back-staining (Sigma, St. Louis, MO, USA). Figure 1 illustrates the design of the flat slotted-tube resonator and the corresponding calculated B 1 -field map. With such a small coil size, the B 1 field of this design becomes very inhomogeneous because of the connections to the capacitor at each of the corners. Due to the small dimensions of the coil, the current distribution near the feeding points and capacitive elements becomes a determining factor for B 1 -field homogeneity over the entire image plane. This problem was overcome by our optimized coil design depicted in Fig. 2 along with the corresponding calculated B 1 -field map. The two plates were formed with a continuous copper strip folded above and below the sample. This reduced the field inhomogeneity by eliminating four capacitive element connections. In addition, the plates were extended over a region filled with dielectric material to form a distributed capacitor. The thickness of the 24 ϫ 24 mm Teflon piece was 0.370 mm, which resulted in a total capacitance of 26.5 pf. As demonstrated in Fig. 2b , with this design the coil produced a nearly perfect homogeneous B 1 distribution over the imaging region outlined by the dashed white box. A comparison of the B 1 -field profiles along the cross hairs in Figs. 1b and 2b indicates that the histological coil's B 1 field has a greater magnitude and is more uniform within the imaging region than the parallel-plate resonator in both dimensions. Construction was completed with Delrin around the copper strip, as shown in both the computer model and the photograph of the coil in Fig. 3 . Additional simulations performed with the Delrin enclosure showed that Delrin did not have a noticeable effect on the B 1 field between the copper plates within the imaging region.
To experimentally demonstrate the sensitivity and B 1 -field homogeneity of the optimized histological coil, a T 2 -weighted image and B 1 -field map were obtained from the two uniform agar phantoms shown in Fig. 4a and b, respectively. As indicated by the images and the signal intensity profiles along the two center orthogonal lines, the image intensity and the B 1 field of our coil are uniform over the entire imaging plane. The average SNR of the phantom image in Fig. 4a is approximately 51. Figure 5 shows a T 2 -weighted image obtained with the coil along with a histological image of the same brain slice. The MR image in Fig. 5a yields an average SNR of 65. In the histological image with a modified Perl's stain shown in Fig. 5b , the regions with higher iron concentration (e.g., those in the white matter (WM)) appear as a darker redbrown. For finer detail, the magnified regions of interest (ROIs) at the bottom of Fig. 5 were digitally postprocessed to 50ϫ magnification for the MR images (Fig. 5a ) and photographed at 50ϫ optical magnification for the brightfield histological image (Fig. 5b) . The figure demonstrates that regions with higher focal iron concentration correspond to those having darker intensity in the MR image. High iron concentration is known to cause faster T 2 relaxation, which leads to hypointensities in T 2 -weighted images. With our approach, the iron concentration shown in the histological analysis correlates to T 2 contrast in MR images in a straightforward fashion.
With the high B 1 -field homogeneity produced by the histological coil, it is possible to obtain an accurate measurement of T 2 relaxation distribution in a histological tissue sample. Figure 6 shows a representative T 2 parameter map (Fig. 6a ) and average relaxation curves (Fig. 6b ) from the two ROIs selected within the WM and gray matter (GM) from six tissue samples. The T 2 map exhibits a uni- form distribution within the same tissue type over the slice, indicating an absence of "bias field" interference due to RF field inhomogeneity. Conversely, the T 2 values for different tissue types can be clearly delineated and reliably reproduced over multiple scans. These observations are equivalently evident in the T 2 relaxation curves, which demonstrate clear differences in T 2 decay between ROIs within the two tissue types. Each echo point along the curve has small standard deviations (SDs) in signal intensity between the scans, indicating that the data over the six scans are uniform and reproducible. The T 2 measurements were repeated with the histological coil from six different tissue samples of the same brain and yielded an average T 2 of 85.5 Ϯ 2.4 ms for GM and 66.1 Ϯ1.5 ms for WM.
DISCUSSION
Numerous NMR microimaging studies have been carried out on various samples with attainable resolutions on the order of several micrometers. Many of these studies used small, traditional birdcage volume coils (9,10), while others employed Helmholtz pair coil designs (11, 12) . Small, multi-turn solenoid volume and surface coils (13, 14) remain the most prevalent design for high-resolution images at ultrahigh field strengths. Our coil, however, was designed specifically to directly image a histological sample between two standard histological #1 glass coverslips. For such an application, the coil design must meet two stringent criteria: 1) given the minute amount of tissue in a histological slide, the coil sensitivity must be maximized. This requires a compact coil design to optimize the filling factor (4) such that coil volume is minimized and the tissue is as close as possible to the conductive coil elements over the entire sample. 2) As a result of the vast difference in aspect ratio between imaging planar size and the thickness of the slice, the coil must produce a homogenous field distribution within a planar area of 24 mm ϫ 24 mm in the histological slice. Since these two criteria appear to be mutually exclusive, the difficulty in designing such a coil arises in meeting the two criteria simultaneously. To meet criterion 1, the coil must fit the sample tightly. However, as shown in Fig. 1 , the B 1 distribution under such a condition can be dominated by the current around the terminals of the conductive elements because of the size of the coil and the close vicinity of the conductor and sample. These effects are generally insignificant for the overall field homogeneity in the imaging region for human studies because of the relatively large size of the coil and sample. This problem can be alleviated by increasing the planar dimension, as shown in the flat slottedtube resonator in Fig. 1 . With this approach, however, the filling factor of the coil is significantly reduced since the effective coil size is considerably enlarged. In this case the coil sensitivity is reduced as a trade-off for B 1 -field homogeneity. In our coil design, the number of termination points is minimized to a single input pair by using a continuous copper foil and a distributed capacitor. The latter condition is created by efficiently utilizing the space that is necessary for RF field homogeneity between the input port and imaging region. The calculated B 1 field and experimental image profiles in Figs. 2 and 4b are in close agreement with one another and highlight the nearly perfect homogenous field within the histological coil.
It is evident in Fig. 2 that our design utilizes the far end of the coil region, where the electric field is weakest for imaging, and the region next to the input port, where the electric field is strongest for creating distributed capacitance. A decrease of the electric field in the sample results in a reduction of resistive losses within the sample (6) and an increased Q-factor (15) (16) (17) (18) , which is desirable for SNR enhancement in microimaging. A coil design that places the tissue sample as close as possible to the coil's conductor surfaces (within 150 m, the coverslip thickness) optimizes the filling factor and further enhances SNR (4).
One other major concern in designing a histological coil to optimize RF field homogeneity is the so-called "fringe effect" in a conductor with a high-frequency alternating current. In this case the current distribution concentrates at the edge as the frequency of the alternating field increases. This fringe effect is particularly strong if the conductor is a long flat strip (19) . Eddy currents in the conductor that tend to compensate for the magnetic flux changes in space, following Faraday's law, are responsible for the creation of the fringe effect. As shown in the calculated B 1 -magnitude map in Fig. 2 and demonstrated experimentally in the phantom image in Fig. 4b , the concentration of current along the edges is minimal in our coil design because the copper plates below and above the sample are extremely close, and the currents in them are nearly equal in magnitude and opposite in direction. With such a coil configuration, the magnetic flux in the regions outside the coil above and below the plate is nearly zero, which minimizes the fringe effect in the conductors. This results in a nearly uniform current distribution within the copper plate, and a highly concentrated and uniform magnetic flux density inside the coil. The reduction of eddy currents with our coil design equivalently increases the surface area of the conductor and therefore lowers the resistance to the total current, which increases the coil's Q-factor (15, 20) .
This work enables the microimaging and histological staining of the same pathologically diseased tissue sections. Postmortem high-resolution MRI studies of ROIs and comparisons to histology of disease states are important for biomedical research. The accurate comparison between MR and histological images of the same tissue slices has not previously been possible. With our coil design, we acquired MR images from a histological slide of AD braintissue sections with high resolution and SNR. The results in Fig. 5 demonstrate that the MR image contrast can associate with a specific histological staining technique. The iron-staining patterns of the tissue samples are in a excellent agreement with the T 2 contrast distribution. Closer histological analysis of the enlarged regions in Fig.  5 suggests that the focal iron deposits may be abnormal accumulations of iron oxide hemosiderin resulting from microbleeds (21, 22) . Despite the improvements provided by our coil, however, discrepancies between the images acquired with these two different imaging modalities may occur due to sample preparation and various image artifacts, particularly in the MR images. For example, there are two visible dark spots in the left corner of the T 2 images that are not shown in the histological images. These two dark spots appear to be sandwiched by the two bright pixels above and below, and are most likely magnetic susceptibility artifacts caused by the air bubbles trapped between the two coverslips. Thus, great care must be taken during sample preparation to remove the air pockets between the sample and one of the two glass coverslips. Furthermore, such magnetic susceptibility artifacts could also arise around the focal region of high iron concentration. As shown in the amplified MR image in Fig. 5a , there are three bright spots forming a triangular shape around the dark circular region. While the dark region is clearly seen in the corresponding histological images, indicating a focal high iron concentration, the bright spots are absent in the histological image. The bright spots are typical arrowhead-type imaging artifacts caused by the B 0 -field gradient in the proximity of the focal iron deposit (14, 23, 24) . Hence, when comparing MR and histological images, caution must be exercised to identify the artifacts in MR images and potential morphological alterations of the sample during histological staining.
The ability to create T 2 parametric maps (Fig. 6a) is of importance for comparison of histology with tissue relaxation times. This allows for quantitative studies between ROIs within the same histological slide, and comparisons between normal and diseased tissues. The current results were acquired from at a field strength used in clinical MRI systems, which simplified our analysis for establishment of a more direct relationship between tissue relaxation times and various pathologies. In our experiment, the histological coil assessment of T 2 in formalin-fixed ex vivo human entorhinal cortex (N ϭ 6) resulted in 85.5 Ϯ 2.4 ms for GM and 66.1 Ϯ1.5 ms for WM. Previous in vivo T 2 measurements using the same field strength of 3.0T yielded 109 ms and 79 for GM and WM, respectively (25) . The observed reduction in T 2 relaxation from in vivo conditions to formalin-fixed ex vivo measurements follows previously reported results (26, 27) . Since physical and physiological conditions, such as temperature, diffusion, perfusion, and oxygenation, differ vastly between in vivo tissue and a fixed histological slide, the T 2 values obtained with the histological coil are generally not expected to be identical to the in vivo measurements (26 -31) . It is not completely understood on a molecular level why the fixation process leads to a drop in T 2 relaxation. In the literature, a number of groups have studied how fixation with formaldehyde affects the T 2 relaxation of tissue samples. It has been observed that the T 2 value of freshly excised brain tissue decays exponentially during the first week of formalin fixation and plateaus following this time period (27) . It is known that fixation causes a number of changes in tissue microstructure that affect water motility (28) . The main reaction of fixation is believed to be due to the creation of methylene bridges between amino acids in proteins (29) . This cross-linking of proteins in turn affects the motility of water in the tissue sample. Following fixation, the alterations in the microstructure of the tissue cause additional barriers to water molecules that make it more difficult for them to cross, resulting in decreased water motility and overall water diffusion (30, 31) . Imaging of unfixed fresh tissue samples was attempted with the histological coil. However, it was found that thin slices of fresh tissue could not withstand the additional force exerted by the water surface tension between the coverslips. With all of this in mind, caution should be exhibited when comparing quantitative histological coil measurements with in vivo results.
In summary, a novel RF coil specifically designed for direct imaging of a histological slice was developed and tested. The numerical simulation and experimental data demonstrate that the developed coil is highly sensitive and capable of producing a uniform B 1 -field distribution in a planar region of a typical histological slice, allowing for the acquisition of high-resolution T 2 images and T 2 maps from a histological slice. The image intensity and T 2 relaxation map were directly compared with histological staining of relative iron concentration of the same slice. The experimental results demonstrate the feasibility of using our histological coil to image thin slices of tissue and to improve coregistration with histological results. Analysis and comparison between histology of a tissue sample and MRI in a one-to-one fashion is of importance for validating new imaging methods and contrasts, especially in molecular imaging research. Understanding the relationship between a specific pathology and the resulting MRI contrast or quantitative parameters will aid in interpretation of the contrast differentials seen in clinical studies.
